The study of protein N-glycosylation is essential in biological and biopharmaceutical research as N-glycans have been reported to regulate a wide range of physiological and pathological processes. Monitoring glycosylation in diagnosis, prognosis, as well as biopharmaceutical development and quality control are important research areas. A number of techniques for the analysis of protein N-glycosylation are currently available. Here we examine three methodologies routinely used for the release of N-glycans, in the effort to establish and standardize glycoproteomics technologies for quantitative glycan analysis from cultured cell lines. N-glycans from human gamma immunoglobulins (IgG), plasma and a pool of four cancer cell lines were released following three approaches and the performance of each method was evaluated.
Introduction
N-linked glycosylation is one of the most common post-translational modifications of proteins. [1] N-glycans have been reported to regulate a multitude of biological processes such as ligand-receptor interactions, immune response, protein secretion and transport. [2] [3] [4] [5] [6] [7] [8] They have also been reported to play fundamental roles in disease and alterations in glycosylation have been observed in cancer, Alzheimer's disease, inflammatory conditions and in several congenital disorders of glycosylation (CDGs). [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Protein N-glycosylation is also critical for the development of biopharmaceuticals, influencing efficacy, immunogenicity, stability and pharmacokinetics. [8, [19] [20] [21] . Therefore, establishing connections between glycan structures and their functions, elucidating molecular mechanisms involved in pathogenesis, monitoring glycosylation in diagnosis, prognosis as well as biopharmaceutical development and quality control in the context of existing and potential drugs that are glycosylated are important research areas. [22] a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 M sealing film and methanol (MeOH) were obtained from Sigma (Dorset, UK). Acetonitrile (Romil; 190 SPS for UV/gradient quality) and ethanol were obtained from Charlton Scientific (Charlton, Oxon, UK). The trifluoroacetic acid (TFA) and the 5 mL Chromacol vials were purchased from Thermo (Hampshire, UK). The polypropylene collection plates and the silicone plate lids were purchased from 4titude (Surrey, UK). The ultrasonic bath (Bandelin Sonorex Digitec DT103H) was purchased from Ultraschall-Welt (Morfelden-Walldorf, Germany). The heating block (DB-2A) was purchased from Techne (Staffordshire, UK). The horizontal shaker (Mini Orbital Shaker SO5) was purchased from Stuart Scientific (Staffordshire, UK). Human IgG and human plasma were obtained from Ludger Ltd. (Oxford, UK). One batch of HT29 human colorectal cancer cell line was obtained from the Center for Proteomics and Metabolomics of the Leiden University Medical Centre (Leiden, The Netherlands). HT29 (second batch), HCT15, HCT116 and KM12 human colorectal cancer cell lines were obtained from Amsterdam UMC, Vrije Universiteit Amsterdam, Molecular Cell Biology and Immunology, Cancer Center Amsterdam (Amsterdam, The Netherlands). Samples were dried down in a Thermo Savant centrifugal evaporator from Thermo (Hampshire, UK).
Release of N-glycans from glycoprotein
Release of N-glycans from human IgG, plasma and the HT29, HCT15, HCT116 and KM12 human colorectal cancer cell lines was performed manually following three approaches; insolution PNGaseF, polyvinylidene difluoride (PVDF)-membrane based PNGaseF and N-mode hydrazinolysis. Three technical replicates of human IgG, human plasma and human cancer cell lines were taken through each protocol.
In-solution PNGaseF protocol
The N-glycans were released from glycoproteins using LudgerZymeTM PNGaseF Release Kit (LZ-rPNGaseF-kit) (Ludger Ltd.). Briefly, cell pellets (~2 x 10 6 cells/technical replicate) were suspended in 100 μL of water with resistivity 18.2 MO and homogenized for 60 min in a sonication bath alongside human IgG (100 μg/technical replicate), human plasma (2 μL/technical replicate) and pure water (9 μL) as negative control. A thin layer of Parafilm 1 M sealing film was applied to each Eppendorf 1 tube prior to their sonication in the water bath in order to prevent contamination. Following the sonication step, cancer cell lines and human IgG samples were dried down in a centrifugal evaporator. Sample volumes were corrected to 9 μL with pure water and 1 μL of denaturing buffer (5% SDS 500 mM DTT) was added to each sample and mixed. The samples were incubated for 10 min at 100˚C in order to denaturate the proteins and allowed to cool down at room temperature. 2 μL of 10% NP-40 solution, 6 μL of pure water and 1 μL of PNGaseF were added to each sample. Samples were vortexed and incubated overnight at 37˚C. Released N-glycans were converted to aldoses with 0.1% formic acid, filtered through a 96-well protein binding plate and dried down completely (Ludger Ltd.).
PVDF membrane-based PNGaseF protocol
Sample preparation was performed as described in the previous paragraph. Release of N-glycans was performed using a PVDF membrane-based protocol adapted from Burnina et.al. [28, 29] Following the sample sonication step, sample volumes were corrected to 100 μL with pure water. A 96-well protein binding plate was placed onto the vacuum manifold. 200 μL of 70% ethanol in water were added to each well of the protein binding plate to be used. A cycle of vacuum (50 mbar below atmospheric pressure) was applied to aid washing of the wells. 50 μL of glycobuffer (1X) was added to each well of the protein binding plate followed by another cycle of vacuum to aid liquid elution. Following these steps, each sample was transferred into a well, followed by the addition of 7.5 μL of denaturation buffer. The protein binding plate was incubated at 60˚C for 30 min in a moisturized sealed box as an incubation chamber within an oven. The plate was shaken for 5 min on a horizontal shaker prior to centrifugation (1 min, 500 x g). The wells were washed with 200 μL of mQ water and incubated for 3 min on a horizontal shaker prior to centrifugation (1 min, 500 x g). This procedure was repeated once more. Additional 50 μL of glycobuffer (1X) was added to each well and the plate was incubated for 3 min on a horizontal shaker prior to centrifugation (1 min, 500 x g). Residual solvent from the bottom of the protein binding plate filter was removed by gently dipping on a clean tissue. Following this step, the protein binding plate was placed on top of a clear 96-well collection plate and incubated at 37˚C with 1 μL PNGaseF in the presence of 2 μL glycobuffer 2 (10X), 2 μL of NP-40 (10%) and 16 μL mQ water. The protein binding plate was sealed using a silicone plate lid prior to every incubation and mixing steps. Glycans were recovered into the 96-well collection plate by centrifugation (2 min, 1000 x g). Eventual residual solution was collected from the membrane by washing each well of the protein binding plate with 100 μL of mQ water prior to centrifugation (2 min, 1000 x g). This procedure was repeated twice. Finally, samples were transferred into Eppendorf 1 tubes and dried down in a centrifugal evaporator. Released N-glycans were converted to aldoses with 0.1% formic acid, filtered through a 96-well protein binding plate and dried down completely (Ludger Ltd.).
N-mode hydrazinolysis protocol
Sample preparation was performed as previously described. Following the sonication step, each sample was transferred into a 5 mL Chromacol vial and dried down completely. The Nglycans were released by the addition of hydrazine (0.5 mL) and incubation at 100˚C for 5 h on a heating block. [31] Hydrazine was removed by centrifugal evaporation. The samples were placed on ice for 20 min (4˚C) and were re-N-acetylated by the addition of 1 M sodium bicarbonate solution (450 μL) and acetic anhydride (21 μL). Samples were vortexed and incubated at 4˚C on a horizontal shaker for 60 min. Residual acetohydrazide derivatives were converted to unreduced glycans by the addition of 600 μL of 5% trifluoroacetic acid (TFA) and incubation at 4˚C for 60 min. Released N-glycans were purified and recovered by passing them through Ludger-Clean TM EB10 Glycan Cleanup Cartridges (LC-EB10-A6) as stated in the product guide (Ludger Ltd.). Eluates were dried by centrifugal evaporation.
Fluorescent labelling
Released N-glycans were fluorescently labelled by reductive amination with procainamide using LudgerTag TM Procainamide Glycan Labelling Kit (LT-KPROC-24) (Ludger Ltd.). Briefly, samples in 10 μL of pure water were incubated for 60 min at 65˚C with procainamide labelling solution.
2 μL of aqueous solution of each sample was injected onto an ACQUITY UPLC 1 BEH-Glycan 1.7 μm, 2.1 x 150 mm column (Waters) at 40˚C on a Ultimate 3000 UHPLC instrument with a fluorescence detector (λex = 310 nm, λem = 370 nm) (Thermo), attached to a Bruker Amazon Speed electron-transfer dissociation (ETD). The running conditions used were: Solvent A was 50 mM ammonium formate pH 4.4 made from Ludger Stock Buffer, and solvent B was acetonitrile. Gradient conditions were: 0 to 10 min, 76 to 76% B at a flow rate of 0.4 mL/min; 10 to 85 min, 76 to 51% B at a flow rate of 0.4 mL/min; 85 to 89 min, 51 to 10% at a flow rate of 0.2 mL/min; 89 to 93 min, 10 to 76% at a flow rate of 0.2 mL/min; 93 to 95 min, 76 to 76% at a flow rate of 0.4 mL/min. The Amazon Speed settings used were: source temperature 250˚C, gas flow 10 L/min; Capillary voltage 4500 V; ICC target 200,000; max accu time 50.00 ms; rolling average 2; number of precursor ions selected 3, release after 1.0 min; Positive ion mode; Scan mode: enhanced resolution; mass range scanned, 300-1700; Target mass, 657.28.
A procainamide labelled glucose homopolymer ladder (GHP) was used as a system suitability standard as well as an external calibration standard for glucose units (GU) allocation. ESI-MS and tandem mass spectrometry (MS/MS) data analysis was performed using Bruker Compass Data Analysis software V4.4. Glycan structures/composition were assigned using the database of GU values and confirmed by a MS and MS/MS fragmentation. [32] Further verification by exoglycosydases digestion may be needed for exact structural assignments. Glycan structures were visualized using GlycoWorkBench, version 2.1. [33] Structures for glycans are depicted following the Consortium for Functional Glycomics (CFG) notation: N-acetylglucosamine (N; blue square), fucose (F; red triangle), N-acetylgalactosamine (N; yellow square), galactose (H; yellow circle), glucose (H; blue circle), N-acetylneuraminic acid (S; purple diamond), N-glycolylneuraminic acid (Sg; light-blue diamond). [34] 
Results and discussion
In this study, we compared the performance of three different approaches for N-glycan release, recovery, and their analysis using LC-MS. We started by using human IgG (system suitability standard and process control) and human plasma (process control) as a model glycoprotein Method comparison for N-glycan profiling: Standardizing glycoanalytical technologies for cell line analysis and the HT29 human colorectal cancer cell line. From this point of the manuscript we will refer to this part of the work as "experiment 1".
Four additional human colorectal cancer cell lines (HT29, HCT15, HCT116 and KM12) from a different culture batch, alongside a new set of system suitability and process controls (human IgG and plasma) were tested to evaluate the consistency of the results obtained from experiment 1. From this point of the manuscript we will refer to this part of the work as "experiment 2".
The intermediate precision of each analytical procedure used was evaluated by comparing the data obtained from the release of N-glycans from human IgG processed in experiment 2, to those generated by the release of N-glycans from human IgG processed in experiment 1.
Glycan areas from triplicate samples of human IgG (system suitability and process control) were integrated and standard deviations (SDs) and coefficients of variation (CVs) were calculated for released N-glycans with relative areas (RAs) � 0.91%. The variation for average relative area values for human IgG N-glycans prepared and analysed in two different days (3 samples from experiment 1 vs 3 samples from experiment 2) produced CVs < 26.33 for N-glycans with RAs � 2.14% indicating a high level of similarity between the two data sets for all the methods used. These results can be appreciated in Table A of the supporting information (S1 File).
Since the batch of human plasma used in experiment 2 was different from the one used in experiment 1, the data obtained from the release of N-glycans from this sample was only used to assess the efficiency of the methods and for structural assignment purposes.
All methods were compared under the optimum conditions previously described and no additional optimization was performed since this was not the scope of this study. The time spent for sample preparation, N-glycan release, recovery and fluorescent labelling using each approach are summarized in Table B in S1 File. A visual representation of the workflows for in-solution PNGaseF, PVDF membrane-based PNGaseF and N-mode hydrazinolysis, highlighting their time, cost and high-throughput potential is presented in Fig 1. Overall, the hydrazine release proved to be the fastest protocol, outperforming the in-solution PNGaseF and the PVDF membrane-based PNGaseF methods in terms of time needed to prepare and measure glycan samples by respectively 2 and 11.5 hours. While the in-solution PNGaseF and the hydrazine methods had similar execution times, the high number of centrifugation cycles required during the release of N-glycans using the PVDF membrane-based PNGaseF method resulted in larger overall procedure duration. This parameter needs to be carefully taken into consideration in terms of sample throughput, especially when large sample sets need to be analysed.
The UHPLC profiles obtained from the human IgG, human plasma and the HT29 cell line samples processed in experiment 1 were compared . Comparable N-glycan profiles of all three sample types were obtained from each approach used.
The fluorescent (FLR) chromatograms for human IgG N-glycans released by hydrazine showed the highest signal intensities, followed respectively by the in-solution PNGaseF and the PVDF membrane-based protocol (Fig 2) . The chromatograms for human plasma N-glycans released by in-solution PNGaseF showed the highest signal intensities, followed respectively by the hydrazine and the PVDF membrane-based protocol (Fig 3) .
In contrast, the UHPLC data obtained from the three methods for released HT29 cell line N-glycans were very comparable, with the exception of few structures detected at lower retention times, which seem to show much higher signal intensities on the hydrazine protocol ( With regards to signal intensities generated in experiment 2, the FLR chromatograms for hydrazine and in-solution PNGaseF released human IgG N-glycans showed similar signal intensities. Both methods were able to outperform the PVDF membrane-based PNGaseF protocol ( Fig 5) . A similar outcome to the one observed in experiment 1 was observed in the chromatograms for human plasma released N-glycans, where the in-solution PNGaseF method showed the highest signal intensities generated, followed respectively by the hydrazine and the PVDF membrane-based protocols ( Fig 6) .
The UHPLC profiles from human IgG, human plasma and the HT29, HCT15, HCT116 and KM12 cell line samples were mostly comparable with the exception of few extra peaks only detected in cell lines when the hydrazine protocol is used (i.e. Figs 7-10, peaks labelled as "n.d."). No N-glycan structures were identified from the MS/MS fragmentation analysis performed on these peaks, suggesting that the FLR signal detected may originate from contaminants present in the cell media and/or produced during sample preparation, coupled to the strong chemical reagents used in this method. This could be a limitation of the methodology, where the UHPLC profiles obtained, especially at lower retention times (0-32 min), are harder to interpret (Figs 4, 7, 8, 9 and 10) , thus reflecting in the poor reproducibility of the data generated for N-glycans eluting at these retention times and consequently limiting, at a certain degree, the relative and/or absolute quantitation ability of the method.
The FLR signal scale used to illustrate the chromatograms, coupled to the inability of the PVDF membrane-based PNGaseF protocol to provide identification for few N-glycan structures due to the partial loss of material not efficiently eluting through the membrane reflects on the variability of few portions of the UHPLC profiles showed.
In general, the in-solution PNGaseF protocol was able to visibly and consistently produce higher signal intensities for all human colorectal cancer cell lines.
For further information regarding the UHPLC profiles obtained for each replicate processed with the three protocols used in this study, refer to Figs A-X in S1 File. We must point out that peaks observed in the UHPLC profiles obtained for each method within the 0-10 min retention time window, originate from free procainamide label dye and/or contaminants present in the samples. The 0-90 min retention time window FLR chromatograms for PVDF membrane-based PNGaseF released N-glycans from each replicate of HCT15, HCT116, and KM12 human colorectal cancer cell lines are not shown as the intensity scale used for these illustrations, coupled to the low FLR signal intensities produced by this protocol, prevents the visual appreciation of the FLR peaks detected in these samples. (Fig R in S1 File) . Details regarding the identification and the MS/MS fragmentation analysis performed for the most abundant glycans detected in all samples are shown in Tables C-I in S1 File. With regards to N-glycan identification, we must point out that unlike the in-solution PNGaseF and the N-mode hydrazinolysis protocols, the PVDF membrane-based PNGaseF method presented limitations to this purpose, not being able to detect few N-glycan structures in human IgG, HT29, HCT15, HCT116 and KM12 human colorectal cancer cell lines. (Tables J-R in S1 File).
Three examples of structural assignment by MS/MS fragmentation analysis are shown in Figs Y-AA in S1 File. We must point out that despite the HT29 human colorectal cancer cell line was used in both experiments, a batch from a new cell culture was used in experiment 2. As a consequence, the glycosylation patterns observed may vary. Although all cancer cell lines processed in this study originated from a different cell culture batch, and understanding the differences in the glycosylation patterns that this may imply, similar N-glycosylation traits to previously published literature were observed in this work [29] .
An overview of the CVs observed for each method for human IgG and human plasma obtained from both experiments and the HT29 (from both culture batches), HCT15, HCT116 and KM12 cell line released N-glycans is shown in Tables J-R in S1 File.
For all release methods, the CVs for human IgG released N-glycans from experiment 1 were < 24.39% for N-glycans with relative areas (RAs) � 0.69%, indicating a good degree of reproducibility of the methods. (Table J in S1 File). Similar results were obtained from human IgG N-glycans released from experiment 2, with CVs < 19.89% for N-glycans with RAs � 0.41%. (Table M in S1 File).
In contrast, while the in-solution PNGaseF and the hydrazine methods were able to exhibit reproducible results for human plasma N-glycans released in experiment 1, with CVs < 5.22% for N-glycans with RAs � 1.57%, the PVDF membrane-based PNGaseF protocol presented remarkable limits, displaying CVs up to 79.87% for N-glycans with RAs � 5.07%, with a peak at 110.81% (Peak "AC"). (Table K in S1 File). Results from human plasma N-glycans released in experiment 2 showed slightly different outcomes. Overall, all methods were able to exhibit reproducible results, with the in-solution PNGaseF method outperforming the PVDF membrane-based PNGaseF and the hydrazine protocols, being able to produce CVs < 10.70% for N-glycans with RAs � 0.81%. The hydrazine and the PVDF membrane-based methods showed quite reproducible results, being able to generate respectively CVs that sporadically peaked at 13.53% for RAs � 1.84 and at 27.80% for RAs � 1.08%. However, when taking into consideration all CVs presented, the PVDF membrane-based PNGaseF protocol confirmed to be the less reproducible method for N-glycan release and analysis. (Table N in S1 File). These differences may be the direct consequence of the extra separation processes involved in the PVDF membrane-based PNGaseF protocol. This type of membrane allows good filtration rates for relatively simple samples, but can frequently become clogged when more complex types of samples, like human plasma, are applied, thus resulting in poor reproducibility of the results.
In order to facilitate the comparison of the results obtained from the analysis of N-glycans released from human colorectal cancer cell lines, we limited the comparison of the extracted CVs to all detected N-glycan structures with RAs � 2%.
With regards to the analysis of N-glycans released from HT29 cell line in experiment 1, all release methods were able to produce similar results. The in-solution PNGaseF protocol proved to be the best strategy by exhibiting CVs < 8.67% with two peaks at 18.16% and 13.65%, followed by the PVDF membrane-based PNGaseF and hydrazine and protocols which were able to produce respectively CVs < 18.98% and 20.88%. (Table L in S1 File).
The data obtained from all cell lines processed in experiment 2 proved that the in-solution PNGaseF protocol is able to consistently produce a higher degree of repeatability of the results generated (Tables O-R in S1 File).
CVs obtained from HT29 released N-glycans from experiment 2 by in-solution PNGaseF were < 6.60%. The hydrazine protocol produced CVs < 8.04%, with sporadic peaks at ca. 20%, followed by the PVDF membrane-based PNGaseF protocol, with CVs < 27.60% and one sporadic peak at 97.16%. (Table O in S1 File).
CVs obtained from HCT15 released N-glycans by in-solution PNGaseF were < 10.31%, followed by the hydrazine protocol, being able to produce CVs < 20.20%, and by the PVDF membrane-based PNGaseF protocol, with CVs < 24.26% and one sporadic peak at 39.42%. (Table P in S1 File). CVs obtained from HCT116 released N-glycans by in-solution PNGaseF were < 7.78%, with one sporadic peak at 14.95%. The hydrazine protocol produced CVs < 15.25%, followed by the PVDF membrane-based PNGaseF protocol with CVs < 28.51%. (Table Q in S1 File).
CVs obtained from KM12 released N-glycans by in-solution PNGaseF were < 12.20%. The hydrazine release method produced CVs which peaked at 18.67%, followed by the PVDF membrane-based PNGaseF protocol, which exhibited CVs that peaked at 39.63%. (Table R in S1 File).
Considering the recent advances in N-glycan glycomics in terms of throughput, one important feature that should be taken into consideration is the high-throughput (HT) potential of each approach. [35] [36] [37] The in-solution and the PVDF membrane-based PNGaseF systems show good high-throughput potential over the hardly automatable hydrazine protocol. In this context, the hazardous properties of anhydrous hydrazine and subsequent storage and usage requirements may present a number of challenges.
Taking into account all presented data, we conclude that all three approaches represent a good choice for the release, recovery, identification and characterization of the N-glycan species. Their choice will depend on such factors as the type of glycosylation present, the nature and amount of sample. Based on our recent results indicating faster processing times, higher sensitivity and repeatability, we demonstrate that the in-solution PNGaseF method is robust, and can be used as a standard approach for N-glycan profiling and identification on a broad range of sample types, being able to consistently produce better UHPLC profiles, and lower coefficients of variation.
Supporting information S1 File. Table A . Glycan compositions and proposed structures, average GU values, average relative areas (average % area), standard deviations (SDs) and coefficients of variation (CVs) for the most abundant N-glycan structures detected in human IgG and calculated after triplicate analysis. Glycans from three independent human IgG samples were released, labelled and analysed by LC-MS in two separate days (three samples on day 1 versus three samples on day 2) to assess interday variation. Structures for N-glycans are depicted following the Consortium for Functional Glycomics (CFG) notation: N-acetylglucosamine (N; blue square), fucose (F; red triangle), galactose (H; yellow circle), mannose (H; green circle), N-acetylneuraminic acid (S; purple diamond). Glycan compositions are given in the terms of hexose (H), N-acetylhexosamine (N), deoxyhexose (F), N-acetylneuraminic acid (S). Table B . Comparison of the execution times for in-solution PNGaseF, PVDF membranebased PNGaseF and N-mode hydrazinolysis N-glycan release methods. Table C 
